Introduction
Monitoring of environmental changes has been facilitated using reporter genes fused to promoters that respond to stress (promoter-based biosensors). The promoters used were of genes involved in the heat shock response, which are induced by general stress (Belkin, 1998; Van Dyk et al., 1994) , or promoters that are induced by speci®c changes in the environment, such as the presence of heavy metals.
Heavy metals (mercury, cadmium, arsenic, copper, chromium and lead) are important constituents of our present environment and are toxic at very low levels (Waalkes et al., 1992) . The toxicity is a function not only of the absolute concentration of the metal, but also varies with the nature of the heavy metal compound and its bioavailability. As an example, organic mercury is signi®cantly more toxic than inorganic mercury, while metallic mercury is not reactive and volatile and is, hence, of minimal toxicity. Therefore, for understanding microbial interactions with heavy metals, it is important to have the tools for monitoring the bioavailable concentration of the heavy metals.
Several heavy metal-responsive genes were fused to reporter genes and used for the construction of biosensors for mercury (Condee and Summers, 1992; Selifonova et al., 1993; Tescione and Belfort, 1993; Virta et al., 1995) , for arsenic (Corbisier et al., 1993; Scott et al., 1997; Tauriainen et al., 1997) and for chromium (Peitzsch et al., 1998) . The cad operon of Staphylococcus aureus was used for the construction of a biosensor for cadmium (Corbisier et al., 1993; Tauriainen et al., 1998) .
The bioluminescence reporter gene (lux), coding for the enzyme luciferase, is the predominant gene used for the construction of biosensors for environmental stress, including heavy metals. In this case, the light emitted by the sensing bacteria is proportional to the concentrations of the heavy metals. The reporter gene lacZ, coding for the enzyme b-galactosidase, which produces a colour reaction or an electrochemical reaction with appropriate substrates, was also used for the construction of sensors for mercury, arsenite and antimonite (Klein et al., 1997; Scott et al., 1997) .
We have shown recently that gene expression can be monitored online and in situ by electrochemical determination of the activity of b-galactosidase using p-aminophenylb-D-galactopyranoside (PAPG) as a substrate (Biran et al., 1999) . The product of the enzymatic reaction, p-aminophenol (PAP), is oxidized at the electrode and can be converted to a current signal using the chronoamperometric technique. The ability to use this procedure for monitoring gene expression online results from the fact that no pretreatment of the cells is required. Moreover, in contrast to the lux system, the electrochemical online monitoring using LacZ fusions can be performed in turbid solutions and under anaerobic conditions, as it does not require oxygen.
As a model system, we constructed a biosensor for cadmium in Escherichia coli RBE23-17 that consists of the lacZ gene expressed under the control of the cadmium-responsive promoter of zntA (Babai and Ron, 1998) .
Results

E. coli RBE23-17 as a whole-cell electrochemical biosensor for cadmium
For monitoring concentrations of cadmium, we used a cadmium-responsive promoter fused to the lacZ gene. The promoter of choice was that of the zntA gene, controlled by the ZntR regulator (Brocklehurst et al., 1999) , whose product, 732 amino acid residues, was identi®ed as a cation-translocating P-type ATPase (Rensing et al., 1997) . The LacZ fusion was obtained using random in vivo translational gene fusion and screening for colonies with elevated b-galactosidase expression in the presence of cadmium. In the transposant RBE23-17, the promoterless lacZ gene was inserted after amino acid number 369, leaving the metal-binding domain and a triplet of cysteine residues in the N-terminal region intact (Fig. 1) . The fact that these important domains remained intact could explain our observation that, in RBE23-17, there is only a minor increase in sensitivity to cadmium, compared with the wild type.
Typical results of electrochemical monitoring of bgalactosidase activity of the zntAÐlacZ gene fusion are presented in Fig. 2 and show the effect of increasing cadmium concentrations. The determinations were performed in electrochemical cells (300 ml each) with the addition of cadmium (25±1000 nM), and the response (current) was proportional (higher and faster) to the cadmium concentration. The results are presented as they were visualized in real time on the computer screen ( Fig. 2A ) and after data processing (Fig. 2B) . The reproducibility of the measurements is shown by the duplicates ( Fig. 2A e and f, 25 nM Cd 2 ; g and h, no cadmium), in which the variation in the current response was less than 5%.
Characterization of the induction conditions of E. coli RBE23-17
The bacterial response to cadmium could be monitored in various types of growth media, but the growth rate affected the time scale of the response. When the cells were grown in LB medium (doubling time about 25 min), concentrations of 1 mM Cd 2 could be detected in less than 10 min (Fig. 2) . In minimal MOPS glucose salt growth medium (Neidhardt et al., 1974) , in which the doubling time was 55 min, the response time was almost double (data not shown). For optimization, other conditions, such as concentration of bacteria in the electrochemical cells, phase of growth and substrate concentration, were determined. Under optimized conditions, using cells growing exponentially in rich medium (LB), 50 nM Cd 2 was the lowest concentration that could be detected after 30 min, and 25 nM Cd 2 could be detected after 1 h (Fig. 3) . The current signal increased with increasing concentrations of Cd 2 up to 10 mM, but decreased at concentrations higher than 10 mM Cd 2 , because of the toxic effect of the metal. It should be noted that the bioavailability of heavy metals may be in¯uenced by the chemical form (speciation) of the metal. Previous studies investigating the biotoxicity effect of mercury speciation on bacteria (Farrell et al., 1993) indicated that, in salt solutions, mercury can exist as free ions or as mercuric chloride complexes. In our experiments, most of the cadmium would be in the form of chloride complexes.
Induction speci®city
As the zntA gene is a pump for heavy metals (Zn  2 and Cd 2 ), we determined the effect of other metal ions ± ZnCl 2 , HgCl 2 , LiCl 2 , NiSO 4 , ± in a concentration range of 10 nM to 100 mM. The biosensor was speci®c to CdCl 2 (Fig. 4) , although a weak response was obtained with HgCl 2 and an even weaker response with ZnCl 2 at a higher concentration (100 times). The response to copper salts (data not shown), LiCl 2 and NiSO 4 was similar to the control in which no metal was added.
Monitoring cadmium induction under anaerobic conditions
One of the advantages of electrochemical monitoring of bgalactosidase is that it can be carried out under anaerobic conditions, as it does not require oxygen (in contrast to the light-emitting biosensors). The results presented in Fig. 5 demonstrate the monitoring of CdCl 2 in cells growing anaerobically (with argon instead of oxygen). Two cultures were grown in LB medium supplemented with glucose (0.2%) with bubbling of air (Fig. 5A ) or of argon (Fig. 5B) . When the cultures reached early exponential phase, each of them was divided into two Erlenmeyer asks ± one of which was treated with CdCl 2 (®nal concentration of 1 mM). Electrodes were placed in each of the cultures and the current signals obtained in the cultures were monitored online. The results indicate that the addition of cadmium could be monitored even under the anaerobic conditions, although the response was lower.
Cadmium detection in sea water and soil samples
The high sensitivity and speci®city of the biosensor and the simple assay protocol suggested the possibility of using it for the detection of cadmium in environmental samples. As a model, sea water contaminated with 50± 1000 nM Cd 2 was used. The results obtained (data not shown) were similar with salt water and with fresh water, indicating that the sensitivity of the biosensor was not affected by salinity. The biosensor was also used for the detection of cadmium in soil samples using the same assay procedure that was used for solutions. The signals obtained by the biosensor 1 h after the addition of the samples were proportional to the cadmium concentration in the soil (Fig.  6) , and 600 p.p.b. (5.34 mM) of cadmium could be detected without any pretreatment of the soil.
Continuos online monitoring of cadmium
To demonstrate the principle of using electrochemical biosensing for developing online monitoring devices, we simulated the occurrence of cadmium contamination in waste water. The monitoring was carried out for 5 h using ®ve electrochemical cells. Cadmium (®nal concentration 1 mM CdCl 2 ) was added to the ®rst cell after 1 h of monitoring, to the second cell after 2 h and so on. The increase in the signal was clearly seen on the computer screen 10±20 min after each addition of cadmium (Fig. 7) and was more pronounced with time, because of the increase in bacterial numbers during the measurement.
Discussion
Electrochemical detection of a reporter gene fused to a promoter of interest can be used to monitor the presence of environmental pollutants. As an example, we used a cadmium-responsive promoter fused to the lacZ gene to monitor the presence of this heavy metal. The monitoring can be performed online with high sensitivity and speci®city. This detection does not require pretreatment of the bacterial cells and can be accomplished using portable and simple instrumentation. Moreover, it is possible to use disposable electrochemical cells. Therefore, this detection can be used in situ to determine promoter activities in the environment.
In the model system described here, we used LacZ as a reporter enzyme. However, the electrochemical monitoring can be carried out using a variety of enzymes for which suitable substrates can be obtained. We have already carried out several experiments using alkaline phosphatase.
The data presented here were obtained using a promoter responsive to cadmium. With this biosensor, we could speci®cally detect cadmium at concentrations as low as 25 nM in less than 1 h. Moreover, concentrations as low as 5 mM Cd 2 could be detected in untreated soil samples.
These concentrations are in the range required by the environmental regulations in most countries (see EPA 822-Z-99-001, April 1999). The promoter used was the zntA gene, which has been shown to be involved in the ef¯ux of heavy metals (Beard et al., 1997; Rensing et al., 1997; Brocklehurst et al., 1999) . Similar promoters have been used previously for fusions to the lux operon (usually on plasmids) and for the construction of luminescence biosensors. However, because of the high sensitivity of the electroanalytical monitoring, it was possible to use a one-copy, lacZ translational fusion to the chromosomal zntA gene. The fusion product contains the upstream regulatory region, including the binding site for ZntR, and the fusion point is after the Q 2000 Blackwell Science Ltd, Environmental Microbiology, 2, 285±290 Fig. 3 . Induction of electrochemical signals in response to increasing CdCl 2 concentrations. The induction coef®cient was calculated as the current ratio between induced and uninduced cells and was determined after 30 min (circles) and 60 min (squares). Error bars represent the standard deviation for six replicates of each concentration. Fig. 4 . Speci®city of the induction. Various metals were added to the bacterial cultures, as described in Experimental procedures, and LacZ induction was monitored for 1 h. The concentration of HgCl 2 and CdCl 2 was 1 mM, whereas the concentrations of the other metals were 100 times higher (100 mM). The error bars represent the standard deviation of duplicate samples. ®rst 369 amino acids of the protein, leaving intact the metal binding site and two transmembrane domains. This hybrid gene product is probably partly active, preventing the accumulation of cadmium ions in the cells and allowing the bacteria to tolerate high cadmium concentrations.
Most of the biosensors developed so far, including the heavy metal biosensors described above, use the lux gene as a reporter. This gene codes for the enzyme luciferase and is considered as an ef®cient and sensitive reporter (Burlage and Kuo, 1994) . Moreover, it is now being examined for possible uses for online monitoring with biochips, by immobilizing the bioluminescent bacteria to optic ®bres (Simpson et al., 1998) . However, the lux system has several limitations. These include the necessity to synthesize a set of genes (between two luxAB to ®ve luxCDABE), the strong dependence of the luminescence system on aeration and the decrease in sensitivity in turbid solution or in layers of immobilized cells, mainly as a result of light scattering. These limitations are overcome with the electrochemical monitoring. Determinations using lacZ as the reporter gene can be carried out under anaerobic conditions and in turbid solutions, even in soil samples, as demonstrated in this report.
Electrochemical biosensors offer a new approach for environmental monitoring that can be carried out in situ and online. Basically, it is possible to use a computerized system and a simple automated sampling device to remove samples from an aqueous solution or from soil periodically, place them in electrochemical cells and monitor the pollutant. It is possible to use disposable electrochemical cells, and these can be arranged in a compact form, similar to 96-well plates, in which each cell contains the bacteria and electrochemical substrate.
One of the attractions of this technology is its compatibility with other technologies. It can be used to complement existing methods, such as monitoring light emission by the lux system or¯uorescence by green¯uorescent protein (GFP)-based reporters. The ability to follow the activity of several different promoters simultaneously provides a potentially important tool for parallel monitoring of several pollutants. Moreover, the combined technology enables the concurrent follow-up of several processes and will broaden our understanding of intricate microbial interactions, such as those occurring during the formation and maintenance of bio®lms.
Experimental procedures
Bacteria and growth media
Strain RBE23-17 was obtained from E. coli K-12 strain MC4100 by transposition using the lplacMu system (Babai and Ron, 1998) and was used in all the experiments. Cultures were grown overnight at 378C with shaking in LB medium (Miller, 1992) supplemented with 50 mg ml À1 kanamycin. For the experiment, the overnight cultures were diluted 1:100 in fresh medium and grown to about 10 8 bacteria ml À1 for the start of the experiment.
Amperometric assay
Unless otherwise stated, the bacterial cultures (240 ml) were added to the electrochemical cells followed by the addition of the b-galactosidase substrate PAPG (®nal concentration The cadmium concentrations were also determined by ICP, as shown by the numbers in the abscissa. 1 p.p.m. 8.9 mM. Fig. 7 . Continuous online monitoring of cadmium. A multicell electrochemical device containing cultures of strain RBE23-17 was used to simulate the appearance of cadmium contamination in waste water. The bacterial cultures (240 ml) were added to ®ve electrochemical cells followed by the addition of the substrate PAPG (®nal concentration of 400 mg ml À1 ). Cadmium (®nal concentration 1 mM CdCl 2 ) was added to consecutive electrochemical cells after: (a) 1 h; (b) 2 h; (c) 3 h; or (d) 4 h. As a control, distilled water was added to one cell (e) at the beginning of the experiment. À1 ). The heavy metals were added in 30 ml after current stabilization for 3 min. The amperometric measurements were carried out at room temperature using disposable threeelectrode cells, based on screen-printed electrodes. The electrochemical cells were made of polystyrene tubes. Graphite ink was used as the counter electrode and Ag/AgCl ink as the reference electrodes. Disposable graphite electrodes in cylindrical form (made from pencil leads, HB 0.9 mm) were used as the working electrodes. The assay was performed directly in the electrochemical cells, which were vibrated to achieve mixing. The same screen-printed electrodes andgraphite working electrode were also used for direct measurements in cultures. The measurements were performed using a PAR VersaStat potentiostat connected to an eightchannel PAR 314 model multiplexer (EG and G Princeton Applied Research), as described previously (Biran et al., 1999) , and were initiated by holding the graphite electrode at 220 mV against the reference electrodes. The result were obtained by simultaneously monitoring duplicate samples of several dilutions. The induction coef®cients (the ratio between induced and uninduced cells) were calculated for each experiment.
Detection of cadmium in soil samples
Contaminated soils were prepared by adding CdSO 4 solutions to ground soil, mixing and drying. Dry soil samples (30 mg) were added directly to the electrochemical cells followed by the addition of 240 ml of the bacterial culture and substrate. The electrochemical amperometric assay was performed as described above. Experiments were performed in duplicate, and the means of the current signals, obtained 1 h after the beginning of the experiment, were calculated. For comparison, the absolute cadmium concentrations in the soil samples were determined chemically using ICP (Spectro). It should be noted that the ICP determinations indicated that the untreated soil contained 600 p.p.b. of cadmium.
